Understanding the effects of environmental management strategies on society and the environment is critical for evaluating their effectiveness but is often impeded by limited data availability. In this article, we present a method that can help scientists to support environmental managers' thinking about causal effects on ecosystem services in coupled human and natural systems. Our method aims to model qualitative cause-effect relationships between management strategies and ecosystem services, using information provided by knowledgeable participants, and the tradeoffs between strategies. We select and organize management strategies, environmental variables, and ecosystem services as indicators using the Driver-Pressure-State-Impact-Response framework. We evaluate the relationship between indicators using a decision tree and numerical representations of interaction strength. We use a matrix multiplication procedure to model direct and indirect interaction effects, and we provide guidelines for combining effects. Results include several data tables from which information can be visualized to understand the plausible interaction effects of implementing management strategies on ecosystem services. We illustrate our method with a coastal water quality management case study on Cape Cod, Massachusetts.
Introduction
Ecosystem degradation caused by anthropogenic activities is a chronic problem (Vitousek et al., 1997; Steffen et al., 2007) . Degradation depletes the structure and function of ecosystems, which provide ecosystem services that benefit humankind (Daily, 1997; Potschin and Haines-Young, 2011) . Understanding the numerous, interdependent effects of anthropogenic inputs on the environment is critical for determining changes in the quality and value of ecosystems services (Carpenter et al., 2009; Doney, 2010) . For these reasons, accounting for ecosystem services in environmental decision making has become a general focus for sustainable community development (Daily et al., 2009; Guerry et al., 2015) .
To combat ecosystem degradation and work towards sustainability, communities must consider adaptations such as technological changes, human behavior changes, and the recovery of ecosystem structure and function (Blignaut et al., 2014) . Local environmental managers use scientific data and models, among other supporting information, to inform such adaptations by constructing a view or perception of social, economic, environmental, and cultural conditions in communities to support their decision making. A common approach is to identify key focal components and establish cause-effect relationships between those focal components to represent interactions between society and the environment. The focal points, often referred to as indicators, are needed for models to reflect the human, social, and natural forms of capital that provide ecosystem services to people (Carpenter et al., 2006) .
Modern paradigms for ecosystem-based management strongly emphasize interdependence between indicators in whole ecosystem contexts (Leslie and McLeod, 2007; Borgström et al., 2015) . Ecosystemscale analyses often require quantitative and qualitative evaluations on the relationships between management strategies and ecosystem services (Granek et al., 2009; Levin et al., 2009) . Quantitative approaches are subject to significant uncertainties associated with linking relevant biogeochemical models to changes in ecosystem services (Bennett et al., 2009; Wainger and Mazzotta, 2011) . Furthermore, uncertainty increases in data-poor situations, where changes in ecosystem services cannot be evaluated with a natural or proxy metric.
In this article, we present a simple and adaptable method for evaluating qualitative relationships between management strategies and ecosystem services in data-poor situations. Our approach involves a systems-based analysis to estimate cause-effect relationships through intermediate indicators. Any assumptions required for determining the relationships between indicators are clear and transparent. We propose this approach as a basis for scientists and environmental managers to collaborate on determining which management strategies have plausible causal connections to ecosystem services and to examine those connections, using expert opinion and literature reviews, to explain variations in outcome. We view this work as contributing to the greater arena of environmental decision support, in which the relationships derived from this approach between management strategies and ecosystem services could be used alongside other quantitative or qualitative social, environmental, and economic data to support environmental decision making.
We use the Driver-Pressure-State-Impact-Response (DPSIR) framework to structure the process of indicator selection needed to evaluate causal relationships between management strategies and ecosystem services. The DPSIR framework has been particularly useful for analyzing problems in coupled human and natural systems because it provides a relatively simple and generic structure for linking cause-effect relationships (EEA, 2003; for reviews, see Tscherning et al., 2012; Gari et al., 2015; Lewison et al., 2016) .
The DPSIR framework is composed of five categories of indicators:
• Driver indicators represent those factors and needs that motivate people, like food, water, health, education, agriculture, and industry;
• Pressure indicators are human activities in response to driving forces that put stress on the natural environment, like land development;
• State indicators reflect the quantity and quality of biological, chemical, and physical conditions, like chemical properties in water or the abundance of biota and size of habitat;
• Impact indicators reflect the social-ecological functionality of a watershed or community, like water purification and climate regulation; and
• Response indicators are societal actions, like storm water management or ecological restoration, that prevent, compensate, ameliorate, or adapt to impacts.
A core characteristic that makes DPSIR popular for sustainability research is that it organizes management strategies, or responses, and outcomes, or impacts, into indicator categories. Many publications have reported the usefulness of DPSIR as a scoping tool for conceptualizing interdependence in resource management problems (Lewison et al., 2016) , particularly ones that advance the concept of "impact" to include ecosystem services (Kelble et al., 2013) . Few studies, however, report on the relationships between management strategies as response indicators and variations in ecosystem service outcomes as they are reflected in either pressure, state, or impact indicators.
Some DPSIR studies attempt to link categories and indicators with quantitative models for measuring interactions between indicators (Nobre, 2009; Hou et al., 2014) . However, linking quantitative models with DPSIR indicators is not straightforward because system complexity is hard to capture (Karageorgis et al., 2006; Spangenberg et al., 2015) . A foremost challenge for DPSIR is data availability and the integration of different forms of data (Lewison et al., 2016) . Qualitative studies using DPSIR (Rehr et al., 2012; Yee et al., 2015) , including ones that incorporate numerical representations of qualitative cause-effect relationships (Cook et al., 2014; Shumchenia et al., 2015) , allow flexibility in the type and amount of data for DPSIR indicator selection and in the measurability of individual indicators (OECD, 2001) .
We use the concepts of DPSIR in our approach to determine relationships and interaction strengths between the components of coupled human and natural systems, particularly the impact of water quality management strategies on ecosystem services, for sustainable ecosystem-based assessment. We demonstrate our method with a collaborative water quality management case study on Cape Cod, Massachusetts. We established qualitative measures of interaction strength and used a matrix multiplication procedure to determine linkages between implementing nitrogen management strategy indicators (e.g., wastewater treatment, nature restoration) and their effects on ecosystem service indicators (e.g., erosion and flood control, recreational opportunity). A complete list of the indicators used in our case study is provided in Section 3 and Appendix A.
Methods
Our method is a scientific approach to develop causal relationships between response indicators as management strategies and driver, pressure, state, and/or impact (i.e., ecosystem services) indicators that resonate with stakeholder values and represent critical components of the management problem. The method includes several distinct steps, which are presented in Fig. 1. 
DPSIR pathways
In the first step of our method, we use DPSIR to identify important components of the decision context (e.g., desirable management strategies, important social-ecological indicators, valued ecosystem services) where limited information about their interdependent relationships is available. Because results are sensitive to the number of indicators chosen, we suggest collaboration with stakeholders to select indicators. We organize the indicators into relevant DPSIR categories for causal analysis. Criterion-based selection approaches (Niemeijer and de Groot, 2008) or stakeholder focus groups (Yee et al., 2015) can aid the process.
Scientists and their stakeholder collaborators make a determination on the linkages and causal pathways between DPSIR indicator categories that are relevant to a particular management situation. The pathways can include linear (e.g., response-state) or non-linear (e.g., state-state) causal interactions. DPSIR categories are linked with solid arrows to indicate a causal pathway for explicit analysis (Fig. 1a) . We use dashed arrows to suggest likely cause-effect relationships, but those relationships are not formally included in the analysis because they are not relevant to the management situation.
Interaction strength
In this step, we assign qualitative estimates of interaction strength between DPSIR indicators among linked DPSIR categories in a causal pathway (e.g., response-state, state-state, state-impact). A targeted outcome for this step is a numerical score (a i in Fig. 1b ) that represents the interaction strength between two DPSIR indicators in linked DPSIR categories. In this context, interaction strength reflects a causal relationship among pairs of indicators.
Qualitative methods for determining the type and strength of interaction among environmental indicators are not well-established (for recent reviews, see Crain et al., 2008; Côté et al., 2016) . Some models use statistical simulations (Reum et al., 2015) , whereas others draw on expert opinions (Benitez-Capistros et al., 2014; Cook et al., 2014) . Our approach resembles the Altman et al. (2011) approach in that we develop a decision tree with scoring rules and a dimensionless scale of numerical interaction strength values ( Fig. 1b; Section 3.3) . Answers to scoring rules may be categorical and use modifiers like "large" and "small" or "poor," "fair," and "excellent." As with the selection of DPSIR indicators, results are sensitive to the number of scoring rules and ranges of interaction strength values in a decision tree. We organize the final interaction strength scores for each set of paired comparisons into interaction strength data tables. Each cell in the data table, x ij , is a final interaction strength score between row i and column j indicators in a causal direction (see example response-state data table in Fig. 1b) .
